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Protein puriﬁcationThe twin-arginine translocation (Tat1) pathway is unique with respect to its property to translocate proteins
in a fully folded conformation across ion-tight membranes. In chloroplasts and Gram-negative bacteria, Tat
translocase consists of the integral subunits TatB and TatC, which are assumed to constitute the membrane
receptor, and TatA, a bitopic membrane protein being responsible in a yet unknown manner for the mem-
brane translocation step. Antibody inhibition of intrinsic thylakoidal TatA activity and recovery of transport
by heterologously expressed, puriﬁed TatA allowed to exactly quantify the amount of TatA required to catal-
yse membrane transport of the model Tat substrate 16/23. We can show that TatA concentrations in the
100 nM range are sufﬁcient to efﬁciently catalyse membrane transport of the protein, which corresponds
well to the amount of TatA identiﬁed in thylakoids. Furthermore, TatA shows cooperativity in its catalytic ac-
tivity suggesting that Tat translocase operates as an allosteric enzyme complex.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The twin-arginine translocation (Tat) pathway transports proteins
across the thylakoid membrane of chloroplasts and the plasma mem-
branes of bacteria and archaea [1–3]. It is speciﬁcally engagedby proteins
carrying signal peptides with a characteristic twin pair of arginine resi-
dues within their N-region [4] and energised by the transmembrane
potential, notably ΔpH and/or ΔΨ [5,6]. The Tat pathway is unique
with respect to its property to translocate proteins in a fully folded con-
formation across ion-tight membranes [7–10]. Even transport of two in-
dependently folded proteins by a single Tat transport signal has been
described, irrespective if they are present within a single polypeptide
chain or solely associated by protein–protein interaction [11,12].
In both chloroplasts and Gram-negative bacteria, Tat machinery
consists of three subunits, namely TatA, TatB, and TatC (in the thylakoid
system also called Tha4, Hcf106, and cpTatC, respectively) [1]. TatC is a
polytopic protein with six transmembrane helices and an N-terminal
stromal domain [13] providing insertase activity for Tat signal peptides
[14], while both TatA and TatB have a bitopic topology with a single
N-terminal membrane anchor. The stoichiometry of these subunits is2), translocation intermediate-
6 kDa subunit of the oxygen-
pid Translation System; Hepes,
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rights reserved.still a matter of debate. In line with their presumed concerted function
as receptor complex, TatB and TatC are usually found in approximately
equimolar ratio [15–17], although 4–5 fold excess of TatB has also been
described [18,19]. However, the amount of TatA appears to vary much
more among the different membrane systems, from substoichiometric
(Arabidopsis thaliana [17]) to excess (E. coli [16]).Whether this variabil-
ity reﬂects indeed the authentic situation or is instead the result of
methodological differences, as suggested recently [19], remains to be
clariﬁed.
Mechanistically, protein transport by the Tat pathway can be di-
vided into four consecutive steps: (1) unassisted binding of the Tat
substrate to the target membrane [20–24], which may not be obliga-
tory for all substrates though [19], (2) association of the Tat substrate
with the TatBC-receptor complexes [12,25–27], which in plants have
an apparent size of 560–700 kDa, (3) membrane translocation of the
passenger protein, which depends on TatA function and its transient
interaction with the TatBC/substrate complex [28–30], and (4) pro-
teolytic removal of the signal peptide, which can take place even
after release of the Tat substrate into the membrane [31]. While sig-
niﬁcant progress has been achieved in the last years in understanding
steps 1, 2, and 4 of the transport process, step 3 describing the actual
membrane translocation of the passenger protein remains still enig-
matic. Three deviating working models are currently discussed
[17,28,32–34]: (a) translocation pores with different or variable di-
ameter to facilitate membrane transport of the various Tat substrates,
which are all distinct in size, (b) TatA-induced membrane weakening
resulting in translocation of the substrate directly through the lipid
bilayer, and (c) a catalytic or regulatory function of TatA facilitating
membrane transport by the TatBC complexes.
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role in the translocation process. To clarify this role in more detail,
we aimed for quantifying the amount of TatA required to catalyse
membrane transport of a given protein. Making use of the observa-
tion that soluble TatA, which has recently been identiﬁed in the chlo-
roplast stroma, is able to reconstitute protein transport properties of
thylakoid vesicles depleted of TatA [30], we used solutions of heterol-
ogously expressed, puriﬁed TatA to exactly determine the require-
ments for membrane transport of a model Tat substrate.
2. Materials and methods
2.1. Heterologous overexpression and puriﬁcation of TatA
The cDNA fragment encoding mature TatA from A. thaliana (gene ac-
cession number at2g01110) was obtained by PCR using a cDNA library
generated from adult Arabidopsis leaves as template and the following
primers: 5′ ttt cc atg gct ttg ttt ggt ctc ggt gtg 3′ and 5′ ttt ctc gag tca
tac att ctc ctt tga gc 3′. The ampliﬁed fragment was cut with NcoI and
XhoI and clonedwith the bacterial expression vector pET-30a (Novagen,
linearised with NcoI and XhoI) yielding a chimeric TatA construct carry-
ing a combined His-/S-tag at the N-terminus and an enterokinase cleav-
age site connected via two linker amino acid residues (AM) to the
N-terminus of the mature TatA sequence. The double-tagged TatA con-
struct was overexpressed in E. coli strain BL21 (DE3) at 37 °C inM9min-
imal medium. After IPTG induction at OD600nm=0.5, cells were further
incubated over night at 37 °C, harvested by centrifugation for 20 min
at 4000 g, resuspended in 25 ml PBS (phosphate buffered saline) and
ruptured by three French press passages at 1000 psi. After centrifugation
for 20 min at 10,000 g, the supernatant was supplemented with 5 vol-
ume binding buffer (20 mM Hepes, 500 mM NaCl, 20 mM imidazole,
pH 7.5) and ultracentrifuged for 60 min at 140,000 g to remove residual
cytoplasmic membranes. The pellet of the 10,000 g centrifugation step
containing the inclusion bodies was dissolved for at least 1 h at 4 °C in
binding buffer supplemented with 6 M GuanidinHCl and likewise
ultracentrifuged for 60 min at 140,000 g at 4 °C. The supernatants of
the ultracentrifugation steps of both the cytosolic and inclusion body
fractions were separately applied to Ni2+-afﬁnity chromatography
(HiTrap Chelating HP columns, GE Healthcare) according to the
manufacturer's instructions. His-tagged TatA was recovered with four
column volumes elution buffer each (20 mM Hepes, 500 mM NaCl,
500 mM imidazole, pH 7.5), which in the case of the inclusion body col-
umn was additionally supplemented with 6 M GuanidinHCl.
To remove the N-terminal double tag from mature TatA by BrCN
cleavage, 5 mg eluted protein was dialysed against distilled water,
shock frozen in liquid nitrogen, freeze dried in vacuum, and dissolved
in 1.6 ml 85% formic acid plus 0.4 ml 5 M BrCN in acetonitrile. After in-
cubation over night at 25 °C in the dark, the reactionmixture was dilut-
ed 10-fold with distilled water, shock frozen in liquid nitrogen and
vacuum freeze dried. The protein was dissolved in Laemmli sample
buffer, separated on 15% SDS-PAA gels, and visualised by non-ﬁxing
zinc–imidazole staining [35]. The TatA-containing band at 17 kDa was
recovered, minced into small pieces, and electroeluted at 70 V over-
night using electroelution-devices ﬁlled with standard SDS-PAGE run-
ning buffer. The protein was collected from the anodic face of the
elution device and stored at 4 °C.
Final puriﬁcation of TatA was performed by reversed phase
HPLC (column: EC 125/4 Nucleosil 500-5 C3-PPN, Macherey & Nagel;
ﬂow rate: 1 ml/min; detection wavelength: 220 nm) applying an
acetonitrile-water gradient (solvent A: water+0.05% triﬂuoroacetic
acid; solvent B: acetonitrile+0.05% triﬂuoroacetic acid) of following
composition: 0–6 min: 10% B; 6–7 min: 10 to 30% B; 7–37 min: 30 to
60% B; 37–45 min: 60 to 90% B. Under these conditions, TatA elutes at
about 23 min from the column. The TatA peak was collected,
supplemented with 1/10 volume of 10-fold HM buffer, and dialysed
twice (3.5 kDa cut off Membra-Cell™ dialysis membranes, Serva) at4 °C for at least 4 h each against HM buffer (10 mM Hepes/KOH,
pH 8.0; 5 mM MgCl2). Protein aggregates were removed by sequential
centrifugation at 4 °C for 20 min at 16,000 g and for 30 min at
160,000 g in an ultracentrifuge. The ﬁnal protein solution was stored at
4 °C. Due to the lack of amino acid residues absorbing UV-light at
280 nm, the concentration of soluble TatA was estimated from protein
band intensities after SDS-PAGE and Coomassie colloidal staining. For
comparison, dilution series of deﬁned lysozyme solutions were loaded
in parallel. With this method, the solubility of mature TatA from A.
thaliana in HM-buffer was estimated to approximately 5 μM.
2.2. In vitro synthesis of TatA from Pisum sativum and A. thaliana
The cDNA fragments encoding mature TatA from P. sativum and
A. thalianawere cloned downstream of a start methionine codon within
the pIVEX 1.3 WG vector. Cell-free synthesis of the corresponding
proteins was carried out with the Rapid Translation System (RTS) 100
wheat germ CECF kit according to the manufacturer's instructions
(5PRIME, Hamburg, Germany).
2.3. In thylakoido protein transport experiments
Isolation of chloroplasts and thylakoids from pea seedlings
(P. sativum var. Feltham First) followed the protocol described by
Hou et al. [21]. In thylakoido protein transport experiments with radio-
labelled precursor proteins were carried out according to [10] with the
following modiﬁcations: to inhibit protein transport by the Tat path-
way, thylakoids were incubated for 30 min on ice with afﬁnity-
puriﬁed antibodies against TatA [17], washed twice with HM-buffer,
and resuspended in HM buffer supplemented with TatA obtained
from either overexpression or in vitro synthesis. In the experiments
shown in Figs. 1 and 3, thylakoids were further incubated for 10 min
on ice before starting the actual import reaction which was achieved
by the addition of radiolabelled Tat substrate obtained by in vitro trans-
lation and incubating the assays at 25 °C in the light. Subsequent pro-
cessing of the assays was performed as described [10,25].
2.4. Miscellaneous
Gel electrophoresis of proteins under denaturing conditions was
carried out according to [36]. The gels were exposed to phosphorimager
screens and analysed with the Fujiﬁlm FLA-3000 (Fujiﬁlm, Düsseldorf,
Germany) using the software packages BASReader (version 3.14) and
AIDA (version 3.25; Raytest, Straubenhardt, Germany). Western analy-
sis was performed as described by Jakob et al. [17]. All other methods
followed published protocols [37].
3. Results
3.1. Thylakoidal TatA can be replaced by soluble TatA in thylakoid transport
experiments
The membrane translocation step during Tat-dependent protein
transport requires the activity of TatA, which is an integral component
of the thylakoid membrane. A few years ago, TatA was found also in
the chloroplast stroma and shown to be capable of functionally replacing
the membrane-bound TatA moiety, at least to a certain extent [30]. To
further substantiate this observation, Tat transport was analysed here
with complementation assays according to Dabney-Smith et al. [38]. In
this approach, thylakoid vesicles isolated from pea are pretreated with
afﬁnity-puriﬁed anti-TatA antibodies to inhibit thylakoidal TatA activity.
Consequently, Tat substrates like the precursor polypeptide of the
16 kDa subunit of the oxygen-evolving system (OE16) are not
transported into the thylakoids but remain on the stromal (cis)-side of
the vesicles where they are accessible to externally added protease
(Fig. 1A). Supplementation of the assays with TatA from pea, which can
Fig. 1. TatA is required for translocation but not for maturation of Tat substrates. (A) The authentic precursor protein of OE16 was synthesized by in vitro transcription/translation of
the corresponding cDNA in the presence of [35S]-methionine. 5 μl of the translation assay was incubated with isolated pea thylakoids that were either mock-treated (con) or treated
with antibodies raised against TatA (HM). In the RTS assays, the anti-TatA treated thylakoids were supplemented with TatA from pea (peaTatA), which was obtained by in vitro
transcription/translation with the wheat germ Rapid Translation System (RTS), or with RTS containing an empty vector control (empty). After the import reaction for 5 min at
25 °C in the light, thylakoids were washed with HM buffer (10 mM Hepes/KOH, pH 8.0; 5 mM MgCl2) and either treated with thermolysin (200 μg/ml, 30 min on ice, lanes +),
or mock treated (lanes −). Stoichiometric amounts of each fraction corresponding to 15 μg of chlorophyll were separated on 10–17.5% SDS-PAA gradient gels and visualised by
phosphorimaging. In lane t, 1 μl of the OE16 in vitro translation assay was loaded. The positions of the precursor (p) and mature protein (m) are indicated by ﬁlled arrowheads.
(B) As in (A), but the experiments were performed with the chimeric precursor protein 16/23. Furthermore, the anti-TatA treated thylakoids were alternatively supplemented
also with TatA from Arabidopsis thaliana, which was either obtained by in vitro transcription/translation with the RTS system (araTatA), or puriﬁed after heterologous
overexpression in E. coli (puriﬁed araTatA). The open arrowheads point to the two degradation products indicative of the integral translocation intermediates Ti-1 and Ti-2 observed
upon membrane transport of 16/23. (C) Isolated pea thylakoids were incubated with radiolabelled 16/23 precursor for 5 min at 25 °C in the light (con), washed with ice-cold HM
buffer, resuspended in HM buffer supplemented with anti-TatA antibodies, and further incubated in a chase reaction at 25 °C in the dark for the time periods indicated on top of the
lanes. All further processing steps were performed as described in (A). For each time-point, the relative amount of Ti-2 and mature 23 kDa protein was calculated in terms of per-
centage of total translocated protein (Ti-2+mature 23 kDa protein) taking into account the number of methionine residues in either of the two translocation products.
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Translation System (RTS), leads to reconstitution of membrane trans-
port, as demonstrated by the accumulation of themature 16 kDa protein
in the thylakoid lumenwhere it is protected against external proteolysis.
In order to determinewhich step of the transport process is inhibited
by the antibodies, the experiment was repeated with the chimeric 16/23
precursor protein, an establishedmodel substrate for the thylakoidal Tat
machinery (e.g., [21,25]), which consists of the transit peptide of the
16 kDa subunit and the mature part of the 23 kDa subunit, both from
the oxygen-evolving system. During thylakoid transport of this chimera,
two translocation intermediates can be observed. The early translocation
intermediate-1 (Ti-1) represents membrane-bound precursor protein
prior to the actual membrane translocation step, i.e. the bulk of the pas-
senger polypeptide still being situated on the stromal side of the mem-
brane [21,39]. In contrast, translocation intermediate-2 (Ti-2) appears
only after complete membrane translocation of the 23 kDa passenger
protein. It assumes a bitopic topology within the membrane with a
stromally exposed N-terminal fragment belonging to the transit peptide
and the passenger located in the thylakoid lumen [21]. Conversion of Ti-2
to the mature 23 kDa protein requires no further membrane transloca-
tion step but solely cleavage of the precursor protein by thylakoidal pro-
cessing peptidase (TPP). In the case of the 16/23 chimera such cleavage is
retarded due to the lack of polar residues in the vicinity of the TPP cleav-
age site giving rise to the temporary accumulation of the protein in its
Ti-2 conformation [31].If the 16/23 precursor is incubatedwith anti-TatA treated thylakoids,
it accumulates in themembranes exclusively in its Ti-1 conformation, as
demonstrated by the appearance of the indicative 14 kDa proteolytic
fragment after thermolysin treatment of the thylakoids (Fig. 1B). Sup-
plementation of the assays with TatA from pea leads to reconstitution
of the membrane transport of the 16/23 protein and both Ti-2 and the
mature 23 kDa protein can be found. Essentially the same result is
obtained if the assays are supplemented with RTS-generated TatA
from A. thaliana, which likewise is able to reconstitute the transport
properties of anti-TatA treated pea thylakoids (Fig. 1B).
These results reconﬁrm earlier ﬁndings that TatA is required solely for
the actual membrane translocation of the passenger protein but not for
membrane binding. Moreover, it is also not essential for the processing
of Tat substrates by TPP. Ti-2 obtained by incubation of the 16/23 precur-
sor protein with untreated thylakoids can be chased to mature 23 kDa
protein even if the thylakoids are treated with anti-TatA antibodies
prior to the chase incubation (Fig. 1C). This ﬁnding furthermore corrobo-
rates that Ti-2 is a true translocation intermediate of the 16/23 chimera
and not a dead end product resulting from aborted membrane transport.
3.2. Heterologous overexpression and puriﬁcation of catalytically active
TatA protein
For the intended quantiﬁcation of the catalytic activity, TatA
obtained by in vitro translation is not ideally suited due to the
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the translation system (e.g., [30]). Therefore, we aimed to replace it
by puriﬁed TatA molecules which can be added in arbitrary concen-
tration to the assays. To achieve this, TatA from A. thalianawas heter-
ologously overexpressed in E. coli and puriﬁed to homogeneity
following a multistep puriﬁcation procedure including Ni-afﬁnity
chromatography, preparative SDS-PAGE and reversed phase HPLC
(Fig. 2; for details see also Material and methods). The identity of
such puriﬁed TatA, which was obtained in concentrations up to
50 μg/ml in detergent-free HM buffer (corresponding to approx.
5 μM), was conﬁrmed by mass spectrometry. Its catalytic activity
was examined with thylakoid transport experiments similar to
those described above. As with RTS-generated TatA protein, supple-
mentation of in thylakoido assays containing anti-TatA treated thyla-
koids with 3 μM puriﬁed TatA protein leads to reconstitution of
membrane transport of the 16/23 chimera (Fig. 1B) demonstrating
that it is possible to obtain thylakoidal TatA in active, soluble confor-
mation after heterologous overexpression in E. coli. Furthermore, it
illustrates that compounds of the in vitro translation mixture are
not required for its catalytic activity.
TatA from pea was likewise overexpressed in E. coli and puriﬁed to
homogeneity. However, this protein shows only low solubility in HM
buffer (maximal concentration achieved 2 μg/ml corresponding to
approx. 0.2 μM).Moreover, it has a strong tendency to aggregate and dis-
integrate, even at low concentration (data not shown), which altogether
precluded its analysis in the subsequent protein transport experiments.
3.3. Kinetics of membrane transport catalysed by soluble TatA
As the ﬁrst step to characterise the catalytic activity of soluble TatA,
time-course experiments were performed with anti-TatA treated thyla-
koids in the presence of 3 μM puriﬁed TatA (Fig. 3). Considering both
Ti-2 and the terminally processed mature 23 kDa protein as the resultFig. 2. Puriﬁcation of TatA from Arabidopsis thaliana after heterologous overexpression in E. co
TatA from A. thaliana. The Histidin (His)- and S-peptide (S)-tags as well as the Enterokinase (EK
ture TatA sequence, are indicated. (B) Flow diagram of the protocol used for TatA puriﬁcation
proﬁle was recovered and analysed by MALDI-TOF mass spectroscopy. The determined molecu
TatA (9094.3 Da). 5 μg puriﬁed protein were loaded on a 15% SDS-PAA gel and visualised by Cofmembrane translocation of the 16/23precursor protein, it becomes ob-
vious that in the presence of soluble TatAmembrane transport of the chi-
meric substrate takes place in a remarkably rapidmanner. During theﬁrst
fewminutes after onset of the reaction, a steep and almost linear increase
in the accumulation of the two translocation products is observed. Al-
ready after 2 min, almost 50% of the transport rate found in the 8 minute
control reaction with untreated thylakoids is achieved (Fig. 3). At later
time points, the further rise in product accumulation slows down
suggesting that not all of the precursor protein present in the assay
may actually be available for transport. Hence, all subsequent experi-
ments were performed with incubation times of only 2 min. As depicted
in Fig. 3A, at this early time-point most of the translocated protein is still
in its Ti-2 conformation and only minor amounts of the terminally
processed 23 kDa protein are detectable. This reconﬁrms earlier observa-
tions that processing of the 16/23 precursor takes placewith slower reac-
tion kinetics than the actual membrane translocation step [31].
Up to that point, thylakoids have always been preincubated with
soluble TatA for 10 min on ice before starting the reaction by adding
radiolabelled Tat substrate. This should permit membrane insertion
and complex assembly of the TatA molecules which are potentially
important for the catalytic activity. To examine this presumed
requirement more precisely, we have varied the time period of
preincubation of anti-TatA treated thylakoids with 3 μM soluble
TatA from 0 to 15 min before we started the 2 minute import reaction
by adding radiolabelled 16/23 chimera. To our surprise, we could not
detect any inﬂuence of the preincubation time on the efﬁciency of
TatA-mediated thylakoid transport (Fig. S1). In all assays, essentially
the same amounts of translocation products (Ti-2 and mature
23 kDa protein) are found demonstrating that such preincubation
can be omitted without loss of catalytic activity. This suggests that, ei-
ther, the incubation time of 2 min is sufﬁcient to facilitate both mem-
brane insertion and translocation function, or membrane insertion of
TatA is not essential for its activity.li. (A) Schematic representation of the TatA construct used for bacterial overexpression of
) and brome cyane (BrCN) cleavage sites, which are all positioned N-terminally of thema-
after overexpression in E. coli. The protein peak at 23.86 min in the reversed phase HPLC
lar mass of 9094.67 Da corresponds well with the calculated molecular weight of mature
oomassie colloidal staining. For further details, see Materials and methods.
Fig. 3. Time-course of 16/23 transport after supplementation of anti-TatA treated thyla-
koids with puriﬁed araTatA. (A) In thylakoido assays containing anti-TatA treated thyla-
koids were supplemented with 3 μM puriﬁed araTatA and incubated for 10 min on ice.
After the addition of radiolabelled 16/23 precursor protein, the assays were further incu-
bated at 25 °C in the light for the time periods indicated on top of the lanes. In the control
assays lacking TatA (HM) or employing mock-treated thylakoids (con), the incubation
time was 8 min. All further processing steps were performed as described in the legend
to Fig. 1. (B) Quantiﬁcation of the amount of translocated protein from the import reac-
tions shown in (A). For each time-point, the relative amount of translocated protein
(Ti-2+mature 23 kDa protein) was calculated in terms of percentage of the control reac-
tion with mock-treated thylakoids (con).
Fig. 4. Persistency of the antibody-induced TatA inhibition. (A) In thylakoido assays
containing anti-TatA treated thylakoids were supplementedwith 0.6 μMor 3 μMpuriﬁed
TatA (TatA), or with identical amounts of the puriﬁed antigenic TatA fragment used to
raise anti-TatA antibodies (antigen), and incubated with radiolabelled 16/23 precursor
protein for 2 min at 25 °C. (B) As in (A), but the assays were supplemented with 3 μM
of either wild-type TatA (wt), the mutant derivative TatA E10C (E10C), or N-terminally
tagged TatA (tagged). The white spaces indicate that in this ﬁgure separate parts from
the same gel were mounted together. For further details, see the legend to Fig. 1.
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active TatA
An important item to be considered in such experiments is the persis-
tency of the antibody-induced inhibition of intrinsic thylakoidal TatA ac-
tivity, particularlywith regard to the competitive release of antibodies by
externally added TatA that was described by Dabney-Smith et al. [38]. To
clarify this point, in thylakoido assays containing anti-TatA treated thyla-
koids were supplemented in control experiments with the C-terminal
hydrophilic TatA fragment used as antigen for antibody raise, which
covers part of the amphipathic alpha helix plus the entire stromal do-
main [17]. While supplementation of the assays with 3 μM full-size
TatA results in the expected quantitative recovery of thylakoidal Tat
transport, the effect of identical amounts of antigenic TatA fragment on
membrane transport of the 16/23 chimera can almost be neglected
(Fig. 4A). Essentially all of the Tat substrate remains arrested in its Ti-1
conformation and only a marginal increase in the amount of Ti-2
compared to the control reaction can be observed. If the experiments
are performed with 5-fold lower amounts (0.6 μM) of antigenic frag-
ment, no difference to the control reaction is perceivable, whereas
0.6 μM full-size TatA still leads to almost quantitative reconstitution
of thylakoidal Tat transport (>80% of the positive control reaction,
Fig. 4A). This reconﬁrms not only the suitability of the chosen experi-
mental approach but moreover suggests that even at this lower concen-
tration TatA is present in almost saturating amounts.Further proof for the conclusion that the observed recovery of Tat
transport of anti-TatA treated thylakoids is strictly mediated by the ex-
ternally added soluble TatA was provided by the functional analysis of
TatA E10C, amutant derivative of TatA inwhich the glutamic acid at po-
sition 10 was replaced by cysteine. This glutamic acid residue is strictly
conserved among all plant TatA proteins identiﬁed so far and the
corresponding mutant of pea, called Tha4 E10C, was earlier shown to
be catalytically inactive [40]. In line with that, supplementation of in
thylakoido assays containing anti-TatA treated thylakoids with TatA
E10C from A. thaliana, which was again obtained by heterologous
overexpression in E. coli and subsequent puriﬁcation, showed that this
protein is not able to mediate thylakoid transport of the 16/23 chimera,
not even at concentrations of 3 μM in the assays (Fig. 4B). Higher con-
centrations of the E10Cmutant could not be tested due to a reduced sol-
ubility of this mutant compared to the wild-type protein.
Finally, we supplemented the in thylakoido assays containing
anti-TatA treated thylakoids with heterologously expressed TatA pro-
tein from A. thaliana, which was puriﬁed as described in Fig. 2 except
that the BrCN cleavage step was omitted. Consequently, the puriﬁed
protein still carries the N-terminal hexahistidine and S-peptide tags.
Even at concentrations of 3 μM, such N-terminally tagged TatA is in-
capable of reconstituting Tat transport of anti-TatA treated thylakoids
(Fig. 4B) which ultimately rules out that the observed recovery of
thylakoidal Tat transport by externally added TatA is the result of
reactivation of the intrinsic thylakoidal TatA moiety by competitive
antibody release. Furthermore, it demonstrates that such N-terminal
extensions preclude the functionality of TatA.
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Next, wewanted to exactly quantify the demand of TatA in the trans-
location process. In the ﬁrst set of experiments, the concentration of sol-
uble TatA present in the in thylakoido assays containing anti-TatA treated
thylakoids was stepwise reduced from 3 μM to 0.25 μM. Using again the
16/23 chimera as substrate, it turned out that even at the lowest TatA
concentration substantial Tat transport activity is obtained (Fig. 5A).
For this reason, the lower concentration rangewas examined inmore de-
tail in two further sets of experiments in which the concentration of
soluble TatA in the assays was stepwise reduced to 0.1 μM or even to
0.0125 μM(Fig. 5B and C, respectively). For each concentration≤0.2 μM,
at least 6 independent transport experimentswere performed. The accu-
mulation of both translocation products, i.e. Ti-2 andmature 23 kDa,was
quantiﬁed and related to the amounts obtained in control experiments
with untreated thylakoids performed in parallel. Plotting this ratio
against the concentration of soluble TatA present in the assays results
in a graph with sigmoidal shape (Fig. 5D): While at TatA concentrations
up to 0.05 μM only marginal transport activity (≤3%) is detectable, any
TatA concentration≥0.2 μM leads to translocation rates of at least 75%
of the corresponding control reaction, i.e. within both ranges variation
of TatA concentration does not substantially inﬂuence the efﬁciency of
the transport process. However, in a small interval enclosing the transi-
tion point of the curve at approximately 0.1–0.15 μM TatA, even
moderate changes in TatA concentration have a major impact on the
translocation rate.
Graphical analysis of the ratio of transport rate and TatA concentra-
tion in a Hill plot results in a linear graph described by the equation y=
3.1x+2.7 (see insert in Fig. 5D) in which the slope of 3.1 represents the
Hill coefﬁcient n. Any Hill coefﬁcient n>1 is an indication for positive
cooperative effects and, consequently, n=3.1 as observed here stronglyFig. 5. Quantiﬁcation of TatA requirement. (A–C) In thylakoido assays containing anti-TatA trea
cated on the top of the lanes and incubated with radiolabelled 16/23 precursor protein for 2 m
reactions identical to those shown in (A–C). For each TatA concentration, the relative amount of
of the corresponding control reaction with mock-treated thylakoids (con). Both mean values a
dependently repeated experiments and shown in a single plot. The ﬁt corresponds to a sigmoi
arrowpoints to the concentration of thylakoidal TatA as determined byWestern analysis (0.17 μ
θ representing the transport rate from 0 (=no transport) to 1 (=100% transport). The slope o
details, see the legends to Figs. 1 and 3.suggests that TatA exhibits positive cooperativity in catalysing
Tat-dependent membrane transport. Remarkably, this value is in the
same range as that of oligomeric enzymes with multiple ligand or sub-
strate binding sites (e.g. haemoglobin, n=2.8–3.2; [41]). It should be
kept in mind though that the Hill coefﬁcient does not represent the ac-
tual number of ligand binding sites. Instead, it describes the minimal
number of such binding sites and should thus be taken as an interaction
value reﬂecting cooperativity [42].
3.6. Quantiﬁcation of the amount of TatA in thylakoid membranes of pea
Finally, we wanted to know how the activity and the demand of sol-
uble TatA determined in our in thylakoido assays compare to the
amount of intrinsic TatA that is available in freshly isolated thylakoid
vesicles. For this purpose, dilutions of solubilised pea thylakoids were
separated by SDS-PAGE and subjected to quantitative Western analysis
following in principle the procedure described by Jakob et al. [17]. How-
ever, in the experiments described here dilution series of overexpressed
and puriﬁed pea TatA carrying a C-terminal His-tag (pea TatAHis) were
loaded in parallel as reference for the calibration curve, instead of the
antigenic fragment that was used in the former study for calibration.
This avoids misinterpretation caused by the potentially discrepant
immunoreactivity of entire proteins versus antigenic protein fragments
that was proposed by Celedon and Cline [19]. Development of the
Western membrane by horseradish peroxidase-coupled assays (Fig. 6)
followed by quantiﬁcation of the resulting signals yielded a TatA con-
centration in these thylakoids of about 0.28 pmol per μg chlorophyll.
Hence, in our in thylakoido assays, which contain thylakoids corre-
sponding to 30 μg chlorophyll in a total reaction volume of 50 μl, the
concentration of intrinsic thylakoidal TatA is approximately 0.17 μM
which corresponds well to the concentration of soluble TatA requiredted thylakoids were supplemented with puriﬁed soluble TatA at the concentrations indi-
in at 25 °C. (D) Quantiﬁcation of the amount of translocated protein from repeated import
translocated protein (Ti-2+mature 23 kDa protein)was calculated in terms of percentage
nd standard deviations were calculated from either three (n=3) or at least six (n≥6) in-
dal function according to the Hill equation y=y0+(Vmax×[TatA]n)/([TatA]n+KMn). The
M). Inset: To determine theHill coefﬁcient, log(θ/(1−θ)was plotted versus log[TatA]with
f the resulting linear regression line (3.1) is equivalent to the Hill coefﬁcient. For further
Fig. 6. Quantiﬁcation of intrinsic TatA in pea thylakoids. (A) Dilution series of thylakoid proteins from pea were separated by SDS-PAGE and subjected to Western analysis using
afﬁnity puriﬁed antibodies against TatA. For comparison, dilution series of puriﬁed pea TatAHis, which due to the C-terminal His-tag shows a slightly reduced mobility upon
SDS-PAGE, were loaded in parallel onto the same gel. The immunoblots were developed by ECL. On top of each lane, either the amount of puriﬁed TatAHis protein (given in
pmol) or the amount of thylakoids loaded (as indicated by the chlorophyll content in the samples) is shown. (B) Calibration curve obtained by plotting the quantiﬁed Western sig-
nals (protein band area) of the pea TatAHis dilution series versus the concentration of TatAHis in the samples (given in pmol). (C) The concentration of TatA in each pea thylakoid
sample (given in pmol) as deduced from the calibration curve shown in (B) was plotted versus the amount of chlorophyll loaded and ﬁtted to a linear function. The slope of the
resulting line corresponds to the concentration of TatA in pea thylakoids (0.282+/−0.019 pmol/μg Chl).
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supplementation of in thylakoido assays containing anti-TatA treated
thylakoids with 0.17 μM soluble TatA would lead to approximately
65% transport recovery. This suggests that a large proportion of the sol-
uble TatA molecules added to the in thylakoido assays are indeed cata-
lytically active.
4. Discussion
It was the goal of this study to quantify the amount of TatA re-
quired to facilitate membrane transport of the model Tat substrate
protein 16/23. Based on the observation that soluble TatA is able to
reconstitute Tat transport of thylakoid vesicles depleted of TatA
[30], we inhibited the intrinsic TatA activity of freshly isolated pea
thylakoids by afﬁnity puriﬁed antibodies and replaced it by heterolo-
gously expressed, puriﬁed TatA from A. thaliana. Various control ex-
periments made sure that the resulting Tat transport is not due to
restoration of the intrinsic thylakoidal TatA activity, e.g. by competi-
tive release of antibodies, but relies strictly on the catalytic activity
of the externally added TatA protein.
4.1. Efﬁciency and ﬂexiblity of thylakoidal Tat transport (TatA requirement)
The fact that thylakoidal Tat transport can be fully reconstituted
with components derived from different plant species, notably thyla-
koid vesicles from pea chloroplasts and TatA protein from A. thaliana,
demonstrates the pronounced conservation of the Tat subunits, at
least among dicotyledonous plants. In line with that, TatA, TatB, and
TatC from pea and Arabidopsis show 63%, 55%, and 70% sequence iden-
tity and 90%, 72%, and 86% sequence homology, respectively, on the
amino acid level. It might be worthwhile to pursue in the future if
TatA from evolutionary more distant species, e.g. monocotyledonousplants, algae, or even bacteria, are likewise capable of reconstituting
Tat transport of anti-TatA treated pea thylakoids.
The catalytic activity of heterologously expressed, puriﬁed TatA is re-
markably high. If in thylakoido assays containing anti-TatA treated thyla-
koids are supplemented with sufﬁcient amounts of soluble TatA, the
resulting Tat transport activity is indistinguishable from that of untreated
thylakoid vesicles (e.g., Fig. 4). On the other hand, already at a TatA con-
centration of 0.075 μM in the assays, the accumulation of considerable
amounts of the two translocation products, Ti-2 andmature 23 kDa pro-
tein, can be detected (Fig. 5). And even this low TatA demand might be
an overestimation because the proportion of TatA molecules that were
in fact catalytically active is not known. However, the close correlation
of the transport properties of externally added TatA in the reconstituted
in thylakoido assays (Fig. 5) with the results of thylakoidal TatA quantiﬁ-
cation in theWestern analysis (Fig. 6) strongly suggests that the catalytic
activity of the puriﬁed soluble TatA protein from A. thaliana is quite sim-
ilar to that of intrinsic TatA of isolated pea thylakoids.
Tat transport in the in thylakoido system takes place so rapidly that
even the reconstitution assays with anti-TatA treated thylakoids and
soluble TatA had to be performed with incubation times of only 2 min
to prevent corruption of the data sets by substrate depletion or energy
consumption (Fig. 3). Futhermore, we could not observe any need for
preincubation with TatA before starting the actual transport reaction
by adding the 16/23 substrate protein (Fig. S1). This was rather unex-
pected because in our approach membrane-bound TatA activity is
substituted by TatA protein provided in soluble form in detergent-free
buffer. It suggests that membrane insertion and/or complex assembly
of TatA, which presumably requires at least partial refolding of the poly-
peptide chain, takes place at a time scale of seconds and is thus too rapid
to be detected by our assay system.
The time course experiment shown in Fig. 3 suggests a short lag
phase in product formation which was similarly observed already
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assembly of the translocase complex involving also TatA because it is
not detectable after preincubation with Tat substrate [44] and dimin-
ished with increasing TatA-substrate ratios [19]. A lag phase of approx-
imately 20–45 s was observed also in FRET-based protein binding
studies using ﬂuorescent Tat substrates and inverted membrane vesi-
cles from E. coli [45]. In this study, the lag phase was attributed to an
energy-dependent rather than substrate-induced assembly step yield-
ing functional Tat translocase.
4.2. Cooperativity of TatA in membrane transport catalysis
Maybe themost surprising result of our experiments is the sigmoidal
curve progression when Tat transport activity in the reconstituted in
thylakoido system is plotted against TatA concentration (Fig. 5D). Such
curves are indicative for cooperative effects that are characteristic of
allosteric enzymes. However, in such enzymes they are usually evoked
by cooperative binding of substrate molecules which in turn take effect
on the enzymatic activity. Substrate-dependent cooperativity during
Tat-dependent protein transport has already been described earlier
when the entire transport process was measured by product formation
[46]. It could not be observed though when merely binding of the sub-
strate to the TatBC receptor was analysed [19].
The cooperative effect observed in our experiments is not elicited by
substrate binding though. Instead, it depends on the concentration of
TatA in the assays, i.e. one of the subunits of the protein transport ma-
chinery. If Tat translocase is considered as a heteromeric enzyme com-
plex catalysing membrane translocation of substrate proteins, TatA can
be addressed as subunit or even coenzyme of this complexwhich catal-
yses a speciﬁc step in the multistep reaction cycle. In the presence of
delta pH and signal peptide, TatA can be crosslinked to TatB and TatC
[28] demonstrating that binding of TatA to the TatBC receptor complex
is intimately linked to the transport process. Since TatBC is an oligomer-
ic complex, multiple binding sites for TatA can be assumed. In allosteric
enzymes, ligand binding by one of the subunits results in the transmis-
sion of conformational changes to the other subunits which in turn in-
creases their afﬁnity for the ligand. Such a scenario would nicely ﬁt
also to the cooperative effects observed for TatA. In this case, binding
of TatA to the multiple binding sites of the TatBC complex would lead
to a conformational rearrangement, and thus activation, of this complex
which ﬁnally results in the translocation of the folded substrate protein
across the lipid bilayer.
If TatA is considered as coenzyme of Tat translocase, it appears
feasible to regard the concentration of soluble TatA required for 50%
Tat transport activity as KM value. Using the 16/23 chimera as Tat
substrate, the KM value for TatA deduced from Fig. 5D is approxi-
mately 120 nM. Although presumably not even all TatA molecules
used in our experiments were indeed catalytically active (see
above), this value is remarkably close to the KM value of 76.6 nM
reported for the iOE17 substrate [46], the maize ortholog of the
16 kDa protein from spinach (gene: psbQ). Although highly specula-
tive, this might suggest that TatA and Tat substrate are needed in stoi-
chiometric amounts in the transport process. Experiments are
underway to investigate if this ﬁnding can be conﬁrmed for other
Tat substrates. Whether such transport involves a pore or channel
structure and, if so, which and how many of the subunits of the
TatABC translocase are constituents of this pore/channel structure re-
mains to be shown.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamcr.2013.01.030.
Acknowledgements
We thank Birgit Kretschmann for excellent technical assis-
tance. This work was supported by grants from the DeutscheForschungsgemeinschaft (KL 862/5-1) and the European Regional
Development Fund of the European Commission.
References
[1] M. Müller, R.B. Klösgen, The Tat pathway in bacteria and chloroplasts (review),
Mol. Membr. Biol. 22 (2005) 113–121.
[2] B. Hou, T. Brüser, The Tat-dependent protein translocation pathway, Biomol. Concepts
2 (2011) 507–523.
[3] T. Palmer, B.C. Berks, The twin-arginine translocation (Tat) protein export path-
way, Nat. Rev. Microbiol. 10 (2012) 483–496.
[4] A.M. Chaddock, A. Mant, I. Karnauchov, S. Brink, R.G. Herrmann, R.B. Klösgen, C.
Robinson, A new type of signal peptide: central role of a twin-arginine motif in
transfer signals for the Delta pH-dependent thylakoidal protein translocase,
EMBO J. 14 (1995) 2715–2722.
[5] U.K. Bageshwar, S.M. Musser, Two electrical potential-dependent steps are required
for transport by the Escherichia coli Tat machinery, J. Cell Biol. 179 (2007) 87–99.
[6] N.A. Braun, A.W. Davis, S.M. Theg, The chloroplast Tat pathway utilizes the trans-
membrane electric potential as an energy source, Biophys. J. 93 (2007) 1993–1998.
[7] S.A. Clark, S.M. Theg, A folded protein can be transported across the chloroplast
envelope and thylakoid membranes, Mol. Biol. Cell 8 (1997) 923–934.
[8] C.L. Santini, B. Ize, A. Chanal, M. Müller, G. Giordano, L.F. Wu, A novel
sec-independent periplasmic protein translocation pathway in Escherichia coli,
EMBO J. 17 (1998) 101–112.
[9] F. Sargent, E.G. Bogsch, N.R. Stanley, M. Wexler, C. Robinson, B.C. Berks, T. Palmer,
Overlapping functions of components of a bacterial Sec-independent protein
export pathway, EMBO J. 17 (1998) 3640–3650.
[10] J.P.Marques, I. Dudeck, R.B. Klösgen, Targeting of EGFP chimeraswithin chloroplasts,
Mol. Genet. Genomics 269 (2003) 381–387.
[11] A. Rodrigue, A. Chanal, K. Beck, M. Müller, L.F. Wu, Co-translocation of a periplasmic
enzyme complex by a hitchhiker mechanism through the bacterial tat pathway,
J. Biol. Chem. 274 (1999) 13223–13228.
[12] E. Fan, M. Jakob, R.B. Klösgen, One signal is enough: stepwise transport of two distinct
passenger proteins by the Tat pathway across the thylakoid membrane, Biochem.
Biophys. Res. Commun. 398 (2010) 438–443.
[13] S.E. Rollauer, M.J. Tarry, J.E. Graham, M. Jääskeläinen, F. Jäger, S. Johnson, M.
Krehenbrink, S.M. Liu, M.J. Lukey, J. Marcoux, M.A. McDowell, F. Rodriguez, P.
Roversi, P.J. Stansfeld, C.V. Robinson, M.S. Sansom, T. Palmer, M. Högbom, B.C.
Berks, S.M. Lea, Structure of the TatC core of the twin-arginine protein transport
system, Nature 492 (2012) 210–214.
[14] J. Fröbel, P. Rose, F. Lausberg, A.S. Blümmel, R. Freudl, M. Müller, Transmembrane
insertion of twin-arginine signal peptides is driven by TatC and regulated by TatB,
Nat. Commun. 3 (2012) 1311.
[15] A. Bolhuis, J.E. Mathers, J.D. Thomas, C.M. Barrett, C. Robinson, TatB and TatC form
a functional and structural unit of the twin-arginine translocase from Escherichia
coli, J. Biol. Chem. 276 (2001) 20213–20219.
[16] R.L. Jack, F. Sargent, B.C. Berks, G. Sawers, T. Palmer, Constitutive expression of
Escherichia coli tat genes indicates an important role for the twin-arginine
translocase during aerobic and anaerobic growth, J. Bacteriol. 183 (2001)
1801–1804.
[17] M. Jakob, S. Kaiser, M. Gutensohn, P. Hanner, R.B. Klösgen, Tat subunit stoichiom-
etry in Arabidopsis thaliana challenges the proposed function of TatA as the trans-
location pore, Biochim. Biophys. Acta 1793 (2009) 388–394.
[18] H. Mori, E.J. Summer, K. Cline, Chloroplast TatC plays a direct role in thylakoid
(Delta)pH-dependent protein transport, FEBS Lett. 501 (2001) 65–68.
[19] J.M. Celedon, K. Cline, Stoichiometry for binding and transport by the twin argi-
nine translocation system, J. Cell Biol. 197 (2012) 523–534.
[20] S.M. Musser, S.M. Theg, Characterization of the early steps of OE17 precursor
transport by the thylakoid Delta pH/Tat machinery, Eur. J. Biochem. 267 (2000)
2588–2598.
[21] B. Hou, S. Frielingsdorf, R.B. Klösgen, Unassisted membrane insertion as the initial
step in Delta pH/Tat-dependent protein transport, J. Mol. Biol. 355 (2006)
957–967.
[22] A. Shanmugham, H.W. Wong Fong, Y.J. Bollen Sang, H. Lill, Membrane binding of
twin arginine preproteins as an early step in translocation, Biochemistry 45
(2006) 2243–2249.
[23] U.K. Bageshwar, N. Whitaker, F.C. Liang, S.M. Musser, Interconvertibility of lipid-
and translocon-bound forms of the bacterial Tat precursor pre-SufI, Mol.
Microbiol. 74 (2009) 209–226.
[24] A.J. Karlsson, H.K. Lim, H. Xu, M.A. Rocco, M.A. Bratkowski, A. Ke, M.P. DeLisa,
Engineering antibody ﬁtness and function using membrane-anchored display of
correctly folded proteins, J. Mol. Biol. 416 (2012) 94–107.
[25] J. Berghöfer, R.B. Klösgen, Two distinct translocation intermediates can be distin-
guished during protein transport by the TAT (Delta pH) pathway across the
thylakoid membrane, FEBS Lett. 460 (1999) 328–332.
[26] K. Cline, H. Mori, Thylakoid Delta pH-dependent precursor proteins bind to a
cpTatC-Hcf106 complex before Tha4-dependent transport, J. Cell Biol. 154
(2001) 719–729.
[27] S. Richter, T. Brüser, Targeting of unfolded PhoA to the TAT translocon of
Escherichia coli, J. Biol. Chem. 280 (2005) 42723–42730.
[28] H. Mori, K. Cline, A twin arginine signal peptide and the pH gradient trigger reversible
assembly of the thylakoid [Delta] pH/Tat translocase, J. Cell Biol. 157 (2002) 205–210.
[29] M. Alami, I. Luke, S. Deitermann, G. Eisner, H.G. Koch, J. Brunner, M. Müller, Differ-
ential interactions between a twin-arginine signal peptide and its translocase in
Escherichia coli, Mol. Cell 12 (2003) 937–946.
965R.S. Hauer et al. / Biochimica et Biophysica Acta 1833 (2013) 957–965[30] S. Frielingsdorf, M. Jakob, R.B. Klösgen, A stromal pool of TatA promotes
Tat-dependent protein transport across the thylakoid membrane, J. Biol. Chem.
283 (2008) 33838–33845.
[31] S. Frielingsdorf, R.B. Klösgen, Prerequisites for terminal processing of thylakoidal
Tat substrates, J. Biol. Chem. 282 (2007) 24455–24462.
[32] U. Gohlke, L. Pullan, C.A. McDevitt, I. Porcelli, E. de Leeuw, T. Palmer, H.R. Saibil,
B.C. Berks, The TatA component of the twin-arginine protein transport system
forms channel complexes of variable diameter, Proc. Natl. Acad. Sci. U. S. A. 102
(2005) 10482–10486.
[33] K. Cline, M. McCaffery, Evidence for a dynamic and transient pathway through the
TAT protein transport machinery, EMBO J. 26 (2007) 3039–3049.
[34] P. Natale, T. Brüser, A.J. Driessen, Sec- and Tat-mediated protein secretion across
the bacterial cytoplasmic membrane — distinct translocases and mechanisms,
Biochim. Biophys. Acta 1778 (2008) 1735–1756.
[35] L. Castellanos-Serra, W. Proenza, V. Huerta, R.L. Moritz, R.J. Simpson, Prote-
ome analysis of polyacrylamide gel-separated proteins visualized by revers-
ible negative staining using imidazole–zinc salts, Electrophoresis 20 (1999)
732–737.
[36] U.K. Laemmli, Cleavage of structural proteins during the assembly of the head of
bacteriophage T4, Nature 227 (1970) 680–685.
[37] J. Sambrook, D.W. Russell, Molecular Cloning: A Laboratory Manual, 3rd ed. Cold
Spring Harbor Laboratories, Cold Spring Harbor, NY, 2001.[38] C. Dabney-Smith, H. Mori, K. Cline, Requirement of a Tha4-conserved transmem-
brane glutamate in thylakoid Tat translocase assembly revealed by biochemical
complementation, J. Biol. Chem. 278 (2003) 43027–43033.
[39] R. Schlesier, R.B. Klösgen, Twin arginine translocation (Tat)-dependent protein
transport: the passenger protein participates in the initial membrane binding
step, Biol. Chem. 391 (2010) 1411–1417.
[40] C. Dabney-Smith, H. Mori, K. Cline, Oligomers of Tha4 organize at the thylakoid
Tat translocase during protein transport, J. Biol. Chem. 281 (2006) 5476–5483.
[41] A.V. Hill, The combinations of haemoglobin with oxygen and carbon monoxide,
J. Physiol. 40 (1910) iv–vii.
[42] J.N.Weiss, The Hill equation revisited: uses andmisuses, FASEB J. 11 (1997) 835–841.
[43] N.N. Alder, S.M. Theg, Energetics of protein transport across biological mem-
branes. a study of the thylakoid Delta pH-dependent/cpTat pathway, Cell 112
(2003) 231–242.
[44] S.M. Musser, S.M. Theg, Proton transfer limits protein translocation rate by the
thylakoid Delta pH/Tat machinery, Biochemistry 39 (2000) 8228–8233.
[45] N. Whitaker, U.K. Bageshwar, S.M. Musser, Kinetics of precursor interactions with the
bacterial Tat translocase detected by real-time FRET, J. Biol. Chem. 287 (2012)
11252–11260.
[46] N.N. Alder, S.M. Theg, Protein transport via the cpTat pathway displays
cooperativity and is stimulated by transport-incompetent substrate, FEBS Lett.
540 (2003) 96–100.
